The impact on the final morphology of yttria (Y 2 O 3 ) nanoparticles from different ratios (100/0, 90/10, 65/35, and 50/50) of oleylamine (ON) and oleic acid (OA) via a solution precipitation route has been determined. In all instances, powder X-ray diffraction indicated that the cubic Y 2 O 3 phase (PDF #00-025-1200) with the space group I-3a (206) had been formed. Analysis of the collected FTIR data revealed the presence of stretches and bends consistent with ON and OA, for all ratios investigated, except the 100/0. Transmission electron microscopy images revealed regular and elongated hexagons were produced for the ON (100/0) sample. As OA was added, the nanoparticle morphology changed to lamellar pillars (90/10), then irregular particles (65/35), and finally plates (50/50). The formation of the hexagonal-shaped nanoparticles was determined to be due to the preferential adsorption of ON onto the {101} planes. As OA was added to the reaction mixture, it was found that the {111} planes were preferentially coated, replacing ON from the surface, resulting in the various morphologies noted. The roles of the ratio of ON/OA in the synthesis of the nanocrystals were elucidated in the formation of the various Y 2 O 3 morphologies, as well as a possible growth mechanism based on the experimental data.
Introduction
Yttria (Y 2 O 3 ) nanomaterials have found widespread utility as luminescent materials for biological labeling, optoelectronics, and scintillator luminescence devices [1] [2] [3] due to their inherent physical properties including chemical inertness, high dielectric constant (13) (14) (15) (16) (17) (18) , high melting point (2425°C), and relatively large band gap energy (5.8 eV) [4] [5] [6] 3? for use in fluorescent lamps and in vivo biological imaging [3] . It has been reported that the properties of Y 2 O 3 ceramics are highly dependent on the size, shape of the particles, and crystalline phase of the matrix [9, [11] [12] [13] [14] . For instance, Y 2 O 3 :Eu ?3 has demonstrated higher photoluminescence intensity as sheets versus dots and the fluorescence of the monoclinic phase is significantly lower than that for the cubic phase [13, 14] . Based on this shape-phase-property relationship of the nanomaterials, it is critical to be able to tailor the properties (i.e., morphology, phase) of the Y 2 O 3 crystallites for future device application.
While the synthesis and characterization of Y 2 O 3 :Ln 3? nanomaterials have been well documented [10, 13, [15] [16] [17] [18] , few reports are available concerning efforts on tailoring the properties of the simple Y 2 O 3 matrix. Since the Ln 3? dopant levels are typically low, it is synergistic to elucidate control over the initial morphology of the Y 2 O 3 nanomaterials (it is anticipated that the shape will be maintained upon low levels of doping). Previous efforts to tailor the morphological variations of Y 2 O 3 nanoparticles have been investigated using commercially available precursors by altering specific synthetic variables, such as pH, precursors, and surfactants in a broad variety of synthetic processes, including flame aerosol synthesis [19] , sol-gel, solvo-/hydrothermal processes [20, 21] , and colloidal syntheses [22] . Recently, hydrothermal syntheses of Y 2 O 3 in the form of nanorods and nanoflakes were reportedly achieved by varying the pH of the reaction [23] . Plate and disk morphologies have also been observed through alteration of the precursors [yttrium acetate hydrate (Y(CO 2 CH 3 ) 3 Á5H 2 O) and yttrium nitrate hexahydrate (Y(NO 3 ) 3 Á6H 2 O)] for solution precipitation routes [22] . In colloidal processes, morphological evolution of spherical Y 2 O 3 nanoparticles into nanorods via oriented attachment in long-chain alkylamine solvents has been disseminated [24] . While morphological control of Y 2 O 3 was realized by varying the pH, precursors, and surfactants, to the best of our knowledge, there has been no report of the systematic variation of mixed surfactants for the tailoring of Y 2 O 3 nanoparticles. This void is surprising since in colloidal processes the use of mixed surfactants has been widely exploited to tailor other inorganic nanocrystals' morphologies [25] [26] [27] [28] [29] . The success of multiple surfactants in controlling the size and morphology of nanocrystals is a result of their ability to adhere to certain facets of the nanocrystals that can govern the growth rate and prevent particle agglomeration. In particular, a combination of oleylamine (cis-1-amino-9-octadecene; ON) and oleic acid (cis-9-octadecene; OA) has been well documented for the production of magnetic [30, 31] , optical [32] , and catalytic [33] nanoparticles. Recently, a combination of ON and OA was determined to be critical in the synthesis of tetragonal, bipyramidal NaLa(MoO 4 ) 2 nanoparticles due to the proposed cooperative-controlled crystallization mechanism of the mixed surfactants [27] . However, it does not appear that a systematic investigation on the cooperative effect of ON and OA in the production of tailored Y 2 O 3 has been proffered.
Given 
Experiment
All syntheses were performed under atmospheric conditions. All solvents were used as received from Sigma-Aldrich and stored in atmospheric conditions: methanol, acetone, and hexane. The following chemicals were used as received from Sigma-Aldrich: Y(NO 3 ) 3 Á6H 2 O, ON, and OA.
Analytical data were collected on dry, free-flowing powders. Fourier transform infrared (FTIR) spectroscopy data were obtained by using a Bruker Vector 22 MIR spectrometer under an atmosphere of flowing nitrogen. Powder X-ray diffraction (PXRD) of the nanoparticles was conducted on a zero background holder by a Siemens D500 Diffractometer equipped with a graphite monochromator with CuKa radiation (1.5406 Å ). The samples were scanned at a rate of 0.02°/2 s in the 2h range of 0°-40°. The patterns were analyzed with the JADE 9.6.0 software program with ICDD PDF-4 database. For all transmission electron microscopy (TEM) analyses, the samples were prepared by dispersing the nanopowders in methanol. A J Mater Sci (2017) 52:8268-8279 small aliquot of this mixture was placed onto a holeycarbon-coated copper TEM grid that was allowed to dry before analysis. TEM images and precession electron diffracting (PED) orientation maps were obtained by utilizing a JEOL 2100 TEM operated at 200 keV. Details of the orientation mapping parameters utilized are available elsewhere [34] ; however, in general, orientation mapping of samples was performed on a JEOL 2100 TEM equipped with a Nanomegas ASTAR mapping system (automated crystal orientation/ phase mapping for TEM). Data were collected in TEM diffraction mode with alpha 3, 10-lm condenser aperture, and 5 nm step size with a procession angle of 0.3°. Additional TEM images were obtained by utilizing a Phillips CM30 transmission electron microscopy instrument operated at 300 keV.
Ratio study of ON/OA
To a three-neck round-bottom flask fitted with a reflux condenser (open to air), two rubber septa, magnetic stir bar, Y(NO 3 ) 3 Á6H 2 O (1.0 g, 2.6 mmol), and the surfactant mixture ON/OA (total 50.0 mL: 100/0, 90/10, 65/35, and 50/50) were added and heated to nominally 350°C. After 1 h, the heat was removed and the reaction was allowed to cool to room temperature. The resultant precipitate was centrifuged (7000 rpm) for 10 min, the mother liquor decanted away, washed (50:50 mixture of hexane/ methanol), and centrifuged five times to yield a white/grayish powder. For the 50/50 ratio of ON/ OA, acetone was used instead of methanol to initiate precipitation. The off-white precipitant was then allowed to dry in air. Lower ratios of ON/OA (i.e., 35/65, 0/100) were attempted, but only oils were isolated even after extended washes. However, after thermal treatment, Y 2 O 3 nanomaterials were produced from the lower ratios, but due to the new variable (heat), the results are not reported and further experiments were not pursued. The percent of the obtained product was: 96.3% (0.53 g for 100/0), 89.3% (0.489 g for 90/10), 73.2% (0.401 g for 65/36), and 56.8% (0.311 g for 50/50).
Hexagon Y 2 O 3 nanoparticles
In a three-neck reaction flask, fitted with a reflux condenser and two rubber stoppers, a mixture of Y(NO 3 ) 3 Á6H 2 O (1.0 g, 2.6 mmol) and ON 25 mL (30 mM) or 100 mL (10 mM) was heated to 350°C for 60 min to examine the concentration effect. Subsequently, the 100/0 reaction was also heated for 15 and 30 min to investigate the effects of time on the resulting nanomaterials. In addition, a temporal study of the Y 2 O 3 reaction was attempted that consisted of quenching the reaction in methanol at preset times (i.e., 5, 10, 15, 30, 45, and 60 min). Final powders were isolated as noted above and stored in vials under atmospheric conditions. Therefore, a systematic ratio study was undertaken, and the results discussed below focusing on physical properties (i) surface characterization, (ii) particle morphology, and (iii) phase. A possible growth mechanism is presented based on the (iv) temporal study, (v) crystal and symmetry growth factors, and (vi) ON/OA growth evolution.
Results and discussion

Physical properties
The reactions were conducted as described in the ''Experimental'' section. The isolated materials were collected and analyzed without further modifications.
Surface characterization of Y 2 O 3
In order to further understand the interactions between the surfactants and nanocrystals, FTIR data were collected on all synthesized samples. Figure 1 displays the FTIR spectra of the as-prepared samples. Each sample shows the -CH 2 symmetric and asymmetric stretching vibrations at *2850 and *2929 cm -1 , indicative of the oleyl group passivating the surface [28, 29] . For the 100/0 sample, the bands at 1627 and 1380 cm -1 were assigned to the m(N-H) bending and m(C-N) stretching modes, respectively, of the ON surfactant [35] . These bands are also present in the 90/10 spectra indicating that ON is still the dominant surfactant on the surface. In addition, there is a band at 1550 cm -1 , which is consistent with (-COO-M) mode of OA [27] . The spectra of samples obtained from 100/0 and 90/10 display a broad stretch at 3445 cm -1 , which could be assigned to the m(N-H) stretch of the NH 2 group of ON or the m(O-H) stretching mode of water. It was tentatively assigned to m(N-H) stretch because that particular feature was not observed in the 65/35 or 50/50 samples. Therefore, it is plausible to conclude that as the OA concentration increases, the surface-bound ON ligands are displaced. This exchange is further calibrated by the presence of peaks at *1550 and 1627 cm -1 , associated with the symmetric and asymmetric modes from carboxylate [36, 37] , as well as the absence of the v(C-N) stretching modes at 1380 cm -1 and the presence of 1440 cm -1 stretch of an oleate species. These results are consistent with the literature reports of displaced amines for carboxylic acid surfactants noted in the NaLa(MoO 4 ) 2 and Fe-Mo nanoparticle systems [38] .
Particle morphology TEM images were collected on the various samples, shown in Fig. 2 , to examine the impact that surfactants had on the final morphological properties. Figure 2a shows the TEM images of the product formed in 100% ON solvent. For this system, hexagons and elongated hexagons were isolated. The majority of the hexagons appear to be 200 9 300 nm, but elongated hexagons are present (smaller, *100 nm in width; see supporting information). Analysis of the face orientation, Fig. 3a , of the regular hexagons shows that the {101} plane is the predominant orientation. For the elongated hexagon-shaped particles, the same {101} face is dominant (supporting information). However, the elongation of the materials suggests slight variation in growth rates between the terminating edges. These variations are thought to result from nucleation and growth kinetics and will be discussed more in depth in the growth mechanism section (vide infra).
The addition of 10% OA to the reaction mixture changed the nanostructure from hexagons to fibers, as shown in Fig. 2b . This suggests that the OA preferentially adsorbed onto a different face than the ON. The rods had aspect ratios of 100-500, but with consistent widths of *5 nm. Due to the nanocrystalline nature of these fibers, the orientation analysis did not yield a clear dominant plane. While the exact growth planes were obfuscated, the results of the morphological evolution suggest that the fibrous structures are scrolled version of hexagons. This is similar to a phenomenon observed for atomically thin TiO 2 nanosheets [39] .
As the OA level is further increased (i.e., 65/35 reaction, Fig. 2c ), randomly shaped, agglomerated nanomaterials begin to be formed. The small and random nanoparticles explain the peak broadness in its respective PXRD pattern. Due to the randomly shaped particles and their polycrystalline nature, facial orientation was not fruitful. In this particular ratio, no specific morphological feature formed, which suggests a competing mechanism between the adsorption of ON and OA on the growth planes. At a 50/50 ratio of ON/OA, plate-like nanomaterials were observed (Fig. 2d) . These nanomaterials have poorly defined edges, in contrast to the hexagons in the 100/0 ratio, and have no consistent width or height. This suggests a difference in the growing rates between the terminating edges. Evaluation of the face orientation of the platelets shows that the {111} phase is the preferential phase that OA favors, shown in Fig. 3b ; however, due to the poorly defined edges, the perpendicular planes identification was unsuccessful. The aforementioned results coincide with our previous theory that the OA surfactant poisons the {101} faces, which prevents the growth of hexagons, and creates a competitive mechanism for the preferential phase based on the amount of the co-surfactant present.
Phase
Powder X-ray diffraction data were collected on the powders isolated from the different ON/OA surfactant ratio reactions, and PXRD patterns for each sample are shown in Fig. 4 . For each sample, the major peaks of the XRD patterns were indexed to the cubic Y 2 O 3 phase (PDF #00-025-1200) with the space group I-3a (206). For 100/0 ratio, the PXRD pattern exhibits relatively good intensity with minimum broadening; however, the presence of peaks at low 2h and a shoulder at *30°did not match Y 2 O 3 . The sample was heated at 350°C for 30 min to remove the proposed residual organic species that may be present. This processing removed the unmatched peaks and shoulder labeled in Fig. 4 , which when matched with the FTIR data indicated that these peaks were consistent with bound ON. As the percent of OA was increased to the 90/10 ratio, the major reflection at 29°became broader and the relative intensity of the shoulder at 30.5 2h became more intense. To ensure that the shoulder and peak at *8°w ere due to residual organic moieties, the sample was thermally treated at 350°C and reexamined with PXRD. The unmatched peaks were not present after heating. The diffraction peaks became even broader for the 65/35 and 50/50 samples, indicative of Scherrer broadening and reminiscent of a morphological change in the nanomaterials (converting from nanohexagons to nanorods to small irregular-shaped materials as noted in the TEM images (vide infra)), which have been reported in other Y 2 O 3 studies [22, 40] . These samples were also processed at 350°C for 30 min to remove residual organics, which yielded no peaks at the low 2h angle.
Temporal study
Before performing a temporal study, the concentrations of the precursor and solvent were varied to determine the optimal growth condition to yield hexagons. Y(NO 3 ) 3 Á6H 2 O (1.0 g, 2.6 mmol) and ON (25 mL (30 mM) or 100 mL (10 mM)) were evaluated, and both reactions were found to generate regular and elongated hexagons similar to the 100/0 reaction (see Supporting Information). With this information in hand, a temporal study using the original parameters from the 100/0 reaction was undertaken with aliquots drawn and quenched after heating to preset times (i.e., 15 and 30 min) for the 100% ON. TEM images of the isolated materials at 15 min (see Fig. 5a ) reveal that initially large hexagonal particles form with a significant quantity of smaller, irregular particulates. At 30 min, even more irregular particulates were present, but substantially larger hexagonal-shaped materials were noted as well (shown in Fig. 5b) . At 1 h, the smaller particles were consumed forming lamellar particles with a chevron shape, which retained the edge symmetry of the \120[ orientations (Fig. 5c) . The loss of the smaller particles and growth of the larger-shaped materials are consistent with traditional Ostwald ripening growth processes. Growth rates perpendicular to the {101} family appear to be the fastest and lead to the lamellar materials. In addition to the above study, a temporal study of the Y 2 O 3 reaction was attempted that consisted of quenching the reaction in methanol at preset times (i.e., 5, 10, 15, 30, 45, and 60 min). Unfortunately, no hexagons were present during this study, so no further temporal studies were attempted.
Crystal and symmetry influential factors for the growth of platelet Y 2 O 3 nanomaterials
For faceted particle growth, two of the most influential forces in controlling the morphology of the final material are the crystal symmetry and specific adsorption of ligands on crystallographic faces. Therefore, since the final materials were found to form Y 2 O 3 (PDF #00-025-1200) and the only variable in this study was the solvent ratio (ON/OA), it is reasonable to suggest a growth mechanism based on the crystal structure/symmetry and solvent. Y 2 O 3 adopts a cubic symmetry with a space group I-3a (206), but the crystal structure is distorted by the presence of two non-equivalent types of Y positions (Y1 at the 8a site; Y2 at the 24d site), resulting in a very complex unit cell containing 80 atoms (see Fig. 6a and b) . Xu et al. previously described this structure as 64 slightly distorted ''mini-cubes'' with the Y atom located in the center [41] . The surface chemistry of Y 2 O 3 is amphoteric in water with the isoelectric point near pH 9 [42] . This leads to a slightly positively charged surface, which would favor the coordination of Lewis bases. A general approach to correlate the faceted nanoparticle obtained for 100/0 and 50/50 is described below by using the definitive characterization of their growth orientation and the crystal structure/symmetry description.
The 100/0 and 50/50 reaction resulted in hexagonal and irregular platelet morphologies, respectively. This is highly unusual in a cubic system because the synthesis of crystals with surface faceting tends to generate regular polygonal shapes reflecting the symmetry of the underlying crystal structure [43] . In order to form platelets, a structure-breaking mechanism must occur where periodicity or surface energy alters the kinetic growth rates of the different surface planes. For this system, the solvent acts as a nanoparticle surfactant and thus leads to a surface layer-based interpretation of the growth kinetics. Since the stability and absorbance of the ligands relate to the surface sites and adsorbates' coordination behavior, there are variations in surface energetics [46, 47] . Given that growth regimes can be limited as a function of the supersaturation, 2D, atomic-plane, nucleation-based control of low-energy facets coupled with preferential growth at edges will occur [44, 45] . CrystalMaker [43] was used to examine the ideal habit planes dominating the morphology of the 100/0 and 50/50 nanoparticles in Fig. 6c-f, respectively. An ideal slab of Y 2 O 3 generated from the crystal structure and cut perpendicular to the {101} planes reveals a periodic structure of surface oxygen atoms (or polyhedra) in which periodic bond chains are present in a stepped terrace fashion. The Based on the data presented, the impact of the solvent system pertaining to the growth mechanism from the 100/0 temporal study is shown in Fig. 7 . The ON molecules shown on the {101} surfaces were modeled geometrically (not energy minimized) with the assumption that they were bound in a monodentate fashion to the surface Y 3? ions and that uniform orientation would provide the most stable interfacial layer. Geometrically, this is shown in Fig. 7a , where the bend in the ''tail'' due to the double bond leads to common alignment of the ON, as opposed to frustrated packing of rotating surface ligands based on the geometrical size of the molecule (6.8 Å by 20.473 Å ) [48] . In principle, this assumes that the adsorbed surface ligands greatly reduce surface energy at the synthesis temperature (350°C). This would provide a smooth interface, thereby lowering the frequency of new 2D nucleation material deposition [46] . The growth scheme shows the formation of an initial nuclei of low crystallinity and no specific orientation, Fig. 7b . At the critical nuclei size, a surface layer of adsorbed ON ligands on the surface Y 3? ions is postulated to form and stabilize one of the \101[ planes against further growth. This occurs during the growth process of an elliptical-shaped nucleus as the octahedral symmetry of \101[ directions will orient one growth plane near the lowest curvature in the nucleus, resulting in platelet growth. As the nuclei grows to critical size, the dominance of the interaction on opposing sides of the nuclei for the {101} facets inhibits additional material deposition. Although the surface is theorized to be energetically stabilized, morphological expression is dictated by the kinetic addition of newly reacting material. Structurebreaking growth is initiated since the energetics of additional nucleation of 2D nuclei is unfavorable once the nuclei has developed a {101} orientation of low curvature [44, 45] . An additional growth can only occur on the edges of the nuclei perpendicular to the stabilized {101} interfaces, forcing the expression of a hexagonal platelet particle as shown in Fig. 7c, d . It is possible that the platelet growth is related to the development of a twin boundary, as the edge energy of atoms at a twin boundary is nearly zero; however, due to their extremely thin dimensions, this cannot be unequivocally declared [49] . With time, these edges also adopt specific orientations that are planar. This indicates that there is enough atomic transport by solution species that low-energy interfaces can be generated, as required for solution-based control over nanoparticle morphology. This proposed growth process is consistent with the experimental temporal study data (vide supra). Large hexagons were noted within 15 min of the reaction's initiation, but the majority of the material present were small, irregular-shaped nanoparticles. Ostwald ripening between 30 and 60 min led to the formation of the lamellar-like platelets from the equiaxed, residual nanomaterial, while the more regular hexagons were not altered. For hexagons and lamellar-like shape particles, the orientation of the dominant surface facet is the {101} planes and the angles of the edges appear very similar. Figure 3a shows stabilized edges aligned as the {011} and {311} orientations, giving a near hexagonal profile for the case of equal growth rate of the edges. The difference between these two materials is the kinetics of growth. The regular hexagons are formed when supersaturation is high and are kinetically stable with welldefined edges. The lamellar morphology is consistent with Ostwald ripening and a lower supersaturation ratio; however, it is of note that these particles grew with the same stabilized habit planes.
As OA is added to the system, the proposed growth builds on previous reports that indicated within mixed solvent systems (carboxylic acid vs. amine), the carboxylic acid group deprotonates in the presence of an amine to form carboxylic anions with higher electron-donating ability. This leads to stronger ligand formation with surface cations [27, 30] . For instance, nanoparticle synthesis of the NaLa(MoO 4 ) 2 nanoparticles using an ON/OA system has shown a cooperative-controlled crystallization mechanism [27] . For the Y 2 O 3 system, the anionic OA should form ligand pairs or surface ligands with Y 3? in addition to or in place of the ON, disrupting the stability of the {101} habit planes. The variation in surface adsorption induced by the 90/10 solvent mixture formed nanowires with no consistent crystallographic orientation. The definitive structure may not be quantifiable due to the small dimension of these fiber morphologies. However, the fibers are the only morphology present, suggesting they are favored when the supersaturation is high and are kinetically stable in this system. Structure breaking can result from the formation of a screw dislocation leading to nanowire growth. An example of fibrous growth has also been found from the formation of extremely thin platelets, which bend to form nanoscrolls as noted in the TiO 2 system [39] . Increasing the content of OA, the ON/OA: 65/35 sample produced morphologies of varying random shapes and no specific orientation. The competition between surface adsorbates on Y and O interface atoms leads to the slowest growth rate and no preferential facet stabilization. The polycrystalline nature of the product particles is explained by (a) either multiple nucleation events without orientation or (b) aggregation during growth from surfactant instability. The formation of ligand pairs between the ON and OA in this case may lead to poorer stabilization of the growing nuclei and more rapid agglomeration into the larger irregular particles.
Finally, for the 50/50 ON/OA growth condition, the platelet orientation preferentially becomes oriented to the {111} habit planes. The edges of these platelets are less regular and planar in the polyhedral representation. This indicates that solution speciation and transfer of Y atoms are more difficult and that surface adsorption of coordinating ligands is stronger in the presence of equimolar ON/OA. The carboxylate groups of the OA will coordinate as single or bidentate surface ligands, and the larger steric character of these groups is likely to favor the more open surface structure of the {111} planes, which is opposing to the preferential ON adsorption. Platelet formation is stabilized in either (100/0) ON or the equimolar mixture of ON/OA by the surface coordination of the different ligands; however, the kinetics are similar enough in each system to initiate platelet formation via growth rate control [47] .
Conclusion
A variety of morphologically varied Y 2 O 3 nanomaterials were synthesized using a mixed surfactant solution precipitation route. The various ON/OA ratios (100/0, 90/10, 65/35, and 50/50) led to hexagons, rods, irregular, and plates of Y 2 O 3 nanomaterials, respectively. FTIR data indicated that ON and OA were bound to the particles, except for 100/0 reaction which had only ON present. Based on the TEM, FTIR, and PXRD experimental data coupled with analysis of the crystal structure, a schematic of the growth process was determined for the 100/0 ratio materials. In general, the initial growth process consists of the ON surfactant bonding to the surface of the particles and poisoning {111} growth plane, resulting in a platelet morphology and stabilizing the {101} planes. As OA is added to the reaction, it preferentially absorbs to the {111} planes. This causes a competing environment between the surfactants that leads to the various morphological nanoparticles. Additional work on Y 2 O 3 :Ln is underway to determine whether the presence of Ln impacts the final morphological control developed in this work.
